Introduction
Most rodent cortical interneurons are derived from progenitor domains in the prenatal subcortical telencephalon (subpallium) (Marin et al., 2003; Flames and Marin, 2005) . The subpallium consists of four major subdivisions that have distinct molecular and morphological features: the lateral ganglionic eminence (LGE), medial ganglionic eminence (MGE), septum (SE), and preoptic area (POA). Moreover, caudal ganglionic eminence (CGE) exists as a caudal fusion of the MGE and LGE with distinct molecular domains that resemble caudal extensions of the MGE and LGE .
The MGE is the source of the majority of interneurons that express parvalbumin (PV) and somatostatin (SST). On the other hand, there are at least two types of calretinin ϩ and neuropeptide Y (NPY) ϩ interneurons: those expressing somatostatin are thought to derive from the MGE, and those that do not express somatostatin are thought to mainly derive from the CGE (Sussel et al., 1999; Pleasure et al., 2000; Xu et al., 2004; Butt et al., 2005; Wonders and Anderson, 2006; Flames et al., 2007; Fogarty et al., 2007; Xu et al., 2008) . Flames et al. (2007) found that dorsal and ventral subdivisions of the MGE produce different ratios of cortical interneuron subtypes; dorsal regions preferentially produce SST ϩ , whereas ventral regions preferentially produce PV ϩ . They correlated this with molecular features of the MGE to provide insights for a transcription factor code in generating distinct neocortical interneuron subtypes.
Information about the transcriptional control of interneuron development has come from the analysis of Arx, Dlx1&2, Dlx1, Lhx6, and Nkx2.1 mutants. Most interneurons require Dlx1&2 (Anderson et al., 1997a,b; Yun et al., 2002; Cobos et al., 2006; Long et al., 2007 Long et al., , 2009a . Dlx1/2 Ϫ/Ϫ mutants have a severe deficit in the survival and migration of immature cortical and hippocampal interneurons. While Dlx1 is widely expressed in immature interneurons, its postnatal expression is only detectable in subsets of SST ϩ , NPY ϩ , and most CR ϩ interneurons, where it is required for their survival (Cobos et al., 2005 (Cobos et al., , 2006 (Cobos et al., , 2007 . Virtually all PV ϩ and SST ϩ interneurons, and subsets of CR ϩ and NPY ϩ interneurons, depend on expression of Nkx2.1 and Lhx6 (Sussel et al., 1999; Pleasure et al., 2000; Liodis et al., 2007; Du et al., 2008; Zhao et al., 2008 Fulp et al., 2008) . While the function of Dlx1 and Dlx2 in telencephalic development has been well established, the function of Dlx5 and Dlx6 is just beginning to be elucidated. Dlx5 is known to promote differentiation of olfactory bulb interneurons (Levi et al., 2003; Long et al., 2003) ; no information is available on Dlx6 function. Because Dlx1&2 are required to induce expression of Dlx5&6 in the LGE and MGE subventricular zones (Anderson et al., 1997b; Zerucha et al., 2000; Long et al., 2007) , it is unclear to what extent the Dlx1/2 Ϫ/Ϫ phenotype reflects loss of Dlx1&2 or Dlx1,2,5&6 function. Here we present the first evidence that Dlx5 and Dlx5&6 are required for development and function of neocortical PV ϩ interneurons.
Materials and Methods
Animals and tissue preparation. Dlx5 and Dlx5&6 loss of function mutant mice were previously described (Depew et al., 1999; Robledo et al., 2002) . Lhx6-GFP and Dlx5-GFP BAC transgenic mouse lines were obtained from GENSAT (http://www.gensat.org/index.html). Dlx5/6i-Cre mice were also previously described (Kohwi et al., 2007) . For staging of embryos, midday of the vaginal plug was calculated as embryonic day 0.5 (E0.5). Mouse colonies were maintained in accordance with the protocols approved by the Committee on Animal Research at University of California, San Francisco, San Francisco, CA. Embryos were anesthetized by cooling, dissected, and immersion fixed in 4% paraformaldehyde (PFA) in PBS for 4 -12 h. Samples were then cryoprotected in 30% sucrose and cut 20 m using a cryostat.
In situ hybridization. In situ hybridization experiments were performed using digoxigenin riboprobes on 20 m frozen sections as described previously. Briefly, slides were fixed in 4% PFA for 20 min, treated with proteinase K (1 g/ml) for 15 min. Acetylation was performed using 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min, followed by three PBS washes. Slides were incubated with hybridization buffer for 2 h at RT, followed by overnight incubation with a digoxigenin-labeled probe at 72°C. Three highstringency washes were performed with 0.2ϫ SSC at 72°C. Slides were then incubated with horseradish alkaline phosphatase-conjugated anti-digoxigenin and NBT (nitroblue tetrazolium)/BCIP (5-bromo-4-chloro-indolyl phosphate) for signal detection. Immunohistochemistry. Animals were deeply anesthetized (P60) and perfused intracardially with 4% paraformaldehyde in PBS (0.1 M, pH 7.4). The brains were removed and postfixed overnight in the same fixative and cryoprotected by immersion in 30% sucrose. Free-floating cryostat sections (40 m) were processed using standard procedures. Primary antibody dilutions used were as follows: rabbit anti-calretinin (CR) (1:2000; Immunostar), anti-parvalbumin (1: 2000; Swant Swiss Antibodies); rat anti-somatostatin (1:200, Millipore Bioscience Research Reagents) or rabbit anti-NPY (1:2000, Immunostar), rabbit anti-GFP (1:2000, Moleular Probes), anti-phosphorylated histone H3 (1:200, Millipore). Secondary antibodies were as follows: Alexa 488 goat anti-rabbit, Alexa 488 goat anti-chicken, Alexa 594 goat anti-rat, Alexa 594 goat anti-rabbit. Immunoperoxidase staining was performed by using the ABC elite or M.O.M. kit (Vector Laboratories).
MGE dissections. Exencephalic telencephali of Dlx5/6 Ϫ/Ϫ mutants possess a characteristic appearance; the pallium is located laterally, whereas the subpallium is located in medially (supplemental Fig. 1 A-D , available at www.jneurosci.org as supplemental material). To gain a better view of GFP expression in Dlx5/6 Ϫ/Ϫ brains, we removed the pallium from the subpallium and positioned (flipped) the subpallium so that its pial sidefaced upward (supplemental Fig. 1G , available at www.jneurosci. org as supplemental material). The area with the strongest GFP intensity in Dlx5/6 Ϫ/Ϫ mutants was located slightly off of the medial-most side of the telencephalon, roughly halfway along the rostral-caudal axis, and deep to the ventricular surface. This intensely positive GFP region was present in all genotypes studied: Dlx5 ϩ/ ϩ , Dlx5 Ϫ/Ϫ , Dlx5/6 ϩ/ ϩ , and Dlx5/6 Ϫ/Ϫ and was designated the MGE mantle zone/ventral subpallium (supplemental Fig. 1 E, F , available at www.jneurosci.org as supplemental material). For transplantation, we used the ventricular/subventricular zone (VZ/SVZ) region just superficial to the intensely GFP-positive region. To dissect the VZ/SVZ region of Dlx5/6 Ϫ/Ϫ MGE, four cuts were made at the edges of the intensely GFP-positive region; two cuts were Ϫ/Ϫ mutants are exencephalic; a schematic representation of Dlx5/6 ϩ/ (S) and Dlx5/6 Ϫ/Ϫ (T ) is presented to help the reader orient the regions of the exencephalic telencephalon. Coronal sections from Dlx5/6 ϩ/ and Dlx5/6 Ϫ/Ϫ were labeled by in situ hybridization with markers of LGE and MGE progenitor and mantle zones; the Dlx5/6 Ϫ/Ϫ mutants do not show major gene expression defects, although the morphologies of the telencephalic regions are abnormal (A-R). Cx, Cortex; Pd, pallidum (including globus pallidus); St, striatum. Scale bar, 1.5 mm.
made along medial-lateral axis at their anterior and posterior limits, then two were made along the rostral-caudal axis at their lateral and medial limits (supplemental Fig.  1G , available at www.jneurosci.org as supplemental material). The excised tissue block corresponds to the MGE; it was then rotated 90°, placing it on one of its cutting surfaces. We then made an incision that separated the VZ/SVZ from the mantle zone. The surface VZ/SVZ region (dotted line area in supplemental Fig. 1 E, F , available at www. jneurosci.org as supplemental material) was removed and processed for the transplantation and cell culture.
Transplantation. Cell transplantations of interneuron precursors from Dlx5 ϩ/ ϩ , Dlx5
, and Dlx5/6 Ϫ/Ϫ donors into WT neonates [postnatal day 0 (P0)] were performed as described previously (Cobos et al., 2005) . Embryos carrying Lhx6-GFP BAC transgene were dissected at E13.5. VZ/SVZ regions of medial ganglionic eminences were dissected from each embryo in HBSS (Invitrogen). Explants were then washed with 200 l of HBSS medium containing 50 g/ml DNase I (Roche) and mechanically dissociated. Dissociated cells were concentrated by centrifugation (3 min, 800 ϫ g) and resuspended in 2 l of HBSS. Cell suspensions were loaded into glass micropipettes (ϳ50 m diameter) that were prefilled with mineral oil. Micropipettes were connected to a microdispenser (Drummond) with direct readout for fractional microliters. Recipient pups (P0) were anesthetized on ice. A total of 5 ϫ 10 5 cells per mouse in a 100 -200 nl of volume was injected into parietal cortex in a single point using a 45°inclination angle. Grafted pups were returned to their mothers and analyzed after 2 months. The percentage of GFP ϩ cells expressing CR, PV, SST or NPY in grafted animals was determined using a BX-60 microscope (Olympus) equipped with epifluorescence illumination. At least 100 GFP ϩ in cortex were analyzed per each marker in each animal.
Cell culture. Cultures of Dlx5/6 ϩ/ or Ϫ/Ϫ MGE cells were established and maintained using previously described methods (Xu et al., 2004) . Briefly, the MGE was identified by both morphological appearance and location of GFP fluorescence and dissected into cold Hank's Buffer. Tissue was cut into pieces and transferred into Neurobasal medium supplemented with B-27 before trypsinization. Trypsinization for 15Ј at 0.05% plus 10 g/ml DNase was performed at 37°C, terminated by the addition of an excess of DMEM supplemented with Fetal Bovine Serum (FBS), and followed by two rounds of mechanical dissociation. The first used large bore Pasteur pipettes, the second used small bore pipettes. Cells were pelleted in between and following the second dissociation by centrifugation at 2000 rpm, 4°C, 4 min, and resuspended in cold DMEM/ FBS. Before plating, cells were strained and counted using a hemocytometer. 5000 MGE cells were plated into one chamber (0.4cm
2 ) of a 16 chamber slide (LABTEK) that had been previously coated with laminin and poly-L-lysine (2 d prior) and seeded (1 d prior) with ϳ1 ϫ 10 5 cortical cells isolated from GFP-negative CD1 P0 or P1 neonates as described above. Cultures were grown at 37°C under 5-6%CO 2 . 50% of the media was exchanged for NB/B-27 at 1 d postplating, 2 d postplating, and every other day following. At the termination point, cells were fixed in 4% Paraformaldehyde/PBS before GFP immunohistochemistry. GFP cells were counted by hand using a compound fluorescence microscope. The ratio of the numbers of GFP-positive cells/chamber at 5 d in vitro (DIV) and 10 DIV or 5 DIV and 40 DIV is defined as percent survival.
Video-electroencephalography. For monitoring, surface head mount electroencephalography (EEG) hardware was purchased from Pinnacle Technology. Mice were anesthetized and the skull surface was exposed with a single rostral/caudal incision. Head mounts were attached with four conductive stainless steel screws, which also acted as recording electrodes. Two wires were laid on top of the shoulder muscles for electromyographic recording. Dental cement was used to secure the head mount, and mice recovered for 4 d before recordings commenced. Recordings were sampled at 400 Hz and high-pass filtered at 1 Hz (EEG) and 10 Hz (EMG). Each mouse was monitored 3-12 h/d; up to 8 nonconsecutive days (alternating day and night recording sessions when possible). A total of 16,980 min (34 d) of recording were obtained for Dlx5/6 ϩ/ Ϫ mice and 9933 min (28 d) for controls. Low-pass filtering was done at 40 Hz (EEG) and 100 Hz (EMG). Simultaneous video was obtained at two different angles using Microsoft LifeCam VX-3000 cameras linked via a USB-port to a PC-based computer running Active WebCam software. Seizure discharges were detected by SireniaScore software (Pinnacle Technology) and confirmed by off-line review by an investigator blind to the status of the animal.
Wavelet-based power measurements. We measured power in 60 s EEG recordings. We recorded EEG from two sites in each mouse, as described previously (Baraban et al., 2009) . Recordings were chosen to occur during period of wakefulness and to be free of cortical spikes and electrographic seizures. For each 60 s recording, we computed the power as a function of frequency and time. Frequency varied between 4 and 200 Hz, using 2 Hz increments. Time was measured by dividing each 60 s recording into 1 s epochs. To measure the power at frequency f within each 1-s-long epoch, we first bandpass filtered the recording between f Ϯ 2 Hz, then convolved the filtered signal with a wavelet with frequency f, defined as follows: Wft ϭ e Ϫ t243f2e2ift.
We used the squared amplitude of the result to measure the instantaneous power at that frequency. The power during a 60 s recording was the average of the power measured during each of the 1-s-long epochs within that recording. Cell counting in histological sections. The number of interneurons expressing different genes (E16.5), the percentage of Dlx5-GFP ϩ cells expressing DLX2 (E15.5) or standard interneuron markers (P60), were determined in the lateral cortex (E15.5 and E16.5) and somatosensory cortex (P60) respectively. Statistical analysis was performed using the Student's t test or ANOVA analysis.
Results

Exencephalic Dlx5/6
؊/؊ mutants have normal telencephalic patterning Previous reports demonstrated that simultaneous deletion of Dlx5 and 6 results in exencephaly in the anterior brain, which is mainly due to distinctive craniofacial defects and the complete absence of calvaria. (Depew et al., 2002; Robledo et al., 2002) . To evaluate regional patterning and differentiation within this dysmorphic forebrain, we used in situ hybridization on E15.5 coronal sections. As a visual aid, we show schematic representations of the pallial and subpallial domains of coronal sections of wild-type and Dlx5/6 Ϫ/Ϫ brains ( Fig. 1S ,T; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Dlx1 and Dlx2 are expressed in the subpallial VZ and SVZ (ventricular and subventricular zones), and in migratory interneurons on their path from the MGE and caudal LGE into the cortex (Fig. 1 A, C) ; their expression appeared intact in the VZ and SVZ of the LGE and MGE (Fig. 1 B, D) , and in interneurons that are tangentially migration to the cortex (see Fig. 4 for higher magnification). Lhx6 labels the SVZ and the mantle region of the MGE, and a large fraction of tangentially migrating interneurons; this expression was largely preserved in the Dlx5/6 Ϫ/Ϫ mutants ( Fig. 1 E, F; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) (see Fig. 4 for higher magnification). In Dlx1/2 Ϫ/Ϫ mutants, Dlx5 and 6 expression are almost eliminated from the LGE and MGE (Anderson et al., 1997a) ; thus it is possible that a significant component of their phenotype results from the loss of Dlx5 and 6 expression. Thus, we assessed the expression of a subset of genes that are strongly downregulated in the LGE and MGE of Dlx1/2 Ϫ/Ϫ mutants (VGAT, CXCR7, Tiam2, Gucy1a3, RXR␥, and Ikaros) Long et al., 2009a,b) . However, in the Dlx5/6 Ϫ/Ϫ mutants, expression of these genes was not grossly reduced ( Fig. 1G-R) , demonstrating that their transcription is strongly dependent on Dlx1&2 or other downstream effectors.
Interneuron migration is reduced in
Dlx5/6
؊/؊ mutants The majority of GABAergic interneurons of neocortex and hippocampus are generated from the ganglionic eminences and tangentially migrate to the developing cortex. Early-born populations of interneurons emerge from the MGE and invade the cortex by E13. To examine whether the Dlx5/6 Ϫ/Ϫ mutation affects early interneuron migration, we assessed expression of interneuron markers (Dlx1, Lhx6, and somatostatin) by in situ hybridization. In Dlx5/6 ϩ/ ϩ embryos, superficial and deep migratory streams were present in the MZ and intermediate zone (IZ)/SVZ, respectively, and the leading migrating cells (denoted by black arrows) in MZ already reached the dorsal cortex (Fig 2 A, E, I ). In Dlx5/6 Ϫ/Ϫ embryos, the leading migrating cells did not migrate as far into the dorsal neocortex as in wild-type controls (Fig 2C,G ,K, black arrows); Although the deep migratory stream was maintained, the superficial migratory steam was poorly formed (Fig 2, compare D 
, H,L arrowheads, B, F,J arrowheads).
To follow the progression of this phenotype, we studied the interneuron distribution using a transgenic marker. We crossed a BAC transgene encoding the Lhx6 gene, which is driving expression of green fluorescent protein (GFP) (Cobos et al., 2006) . GFP immunohistochemistry in Dlx5/6 ϩ/ ϩ and Dlx5/6 Ϫ/Ϫ telencephalons at E12.5, E13.5, and E14.5 revealed a progressive retardation in the migration of Lhx6-expressing interneurons, in both the deep and superficial migratory streams in Dlx5/6 Ϫ/Ϫ mutants (Fig. 3) . We noticed that leading migrating cells in Dlx5/6 Ϫ/ Ϫ mutants at E14.5 reached roughly halfway as far as that in Dlx5/ 6 ϩ/ ϩ controls. This evidence for a delay suggested that all Lhx6-GFP ϩ interneurons (may include some interneurons that do not normally express Dlx5/6 ) were affected upon loss of Dlx5/6 function. It should be noted that we cannot rule out that the excencephalic phenotype contributed in a nonautonomous manner to this phenotype. We also detected an accumulation of Lhx6 ϩ interneurons in the SVZ of lateral ganglionic eminences (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material), suggesting reduced efficiency in the tangential migra- tion of interneurons in Dlx5/6 Ϫ/Ϫ mutants. Overall, Dlx5/6 Ϫ/Ϫ mutants demonstrated a slowing of migration rather than a block in migration, in contrast with the Dlx1/2 Ϫ/Ϫ mutants (Anderson et al., 1997b; Marin et al., 2000) .
The exencephalic Dlx5/6 Ϫ/Ϫ brains underwent degeneration at late gestational stages; the oldest brains that we could reliably analyze were E16.5. At this stage, we assessed neocortical interneuron molecular properties and extent of their migration by performing in situ hybridization to detect Dlx1, Dlx2, GAD67, Lhx6, and MafB (Fig. 4 A-L) . We quantified the total number of cells expressing these genes within 125,000 m 2 of the lateral cortex, and the number of positive cells in each of the cortical layers [VZ, SVZ, IZ, cortical plate (CP), MZ]. Our data showed that there was a general reduction of Dlx1
ϩ cells in lateral cortex; the reduction was most severe in MZ and SVZ, however there was a preferential depletion of Lhx6 and MafB within the MZ (Fig. 4 M) . Furthermore, while the number of MafB ϩ cells was normal, their laminar distribution was greatly disturbed (Fig. 4M) . Thus, the Dlx5/6 Ϫ/Ϫ mutation appears to preferentially affect the Lhx6 ϩ and MafB ϩ migrating interneurons within the neocortex.
Loss of CXCR4 expression in deep migrating interneurons in the Dlx5/6
؊/ ؊ mutants Toward elucidating the mechanism(s) underlying the reduced number of interneurons in the Dlx5/6 Ϫ/Ϫ cortex, we tested the expression of molecules that are implicated in regulating interneuron migration. To determine whether the exencephaly altered the properties of the meninges, we examined expression of the cytokine stromal-derived factor-1 (SDF1), which is known to regulate migration and laminar positioning of interneurons and Cajal Retzius cells (Stumm et al., 2003; Borrell and Marin, 2006; Li et al., 2008; Lopez-Bendito et al., 2008) . Despite the gross malformation, SDF1 expression in the meninges was apparent; however, the cavity formed by the everted exencephalic cortex was filled with SDF1 ϩ cells. (Fig. 5BЈ, asterisk) . SDF1 expression in the intermediate zone of ventrolateral cortex appeared normal (Fig. 5B,BЈ) .
Next we assessed the properties of the neocortical marginal zone, which contains Reelin-expressing Cajal Retzius cells that tangentially migrate over its surface from several sources (Bielle et al., 2005) . Reelin expression has a prominent role in regulating the laminar position of cortical projection neurons and interneurons, although it is unclear whether the interneuron phenotypes are cell autonomous (Hevner et al., 2004; Hammond et al., 2006; Pla et al., 2006; Yabut et al., 2007) . Reelin expression appeared roughly normal in the Dlx5/6 Ϫ/Ϫ mutants (Fig. 5D,DЈ) . Thus, the tangential migration of Reelin ϩ cells to cover the cortex shows that the reduction of Dlx1, Dlx2, Lhx6, and GAD67 expression in the marginal zone is not due to a general disruption of migration in this layer.
Migrating interneurons express several known receptors that promote their migrations. First we examined expression of two receptors for SDF1: CXCR4 and CXCR7 (RDC, CMKOR1). CXCR4 regulates laminar positioning of interneurons (Stumm et al., 2003; Li et al., 2008; Liapi et al., 2008; Lopez-Bendito et al., 2008; Tiveron and Cremer, 2008) ; the function of CXCR7 has not been established, but its expression is reduced in Dlx1/2 Ϫ/Ϫ mutants (Long et al., 2009a,b) . In Dlx5/6 Ϫ/Ϫ mutants, although CXCR4 expression appeared intact in Cajal Retzius cells and in the striatum, its expression was not detectable in interneurons tangentially migrating in the cortex (Fig. 5IЈ,JЈ, arrows) . In contrast, CXCR7 expression in migrating interneurons appeared normal (Fig. 5EЈ,FЈ, arrows) .
Finally, we examined expression of ErbB4, a receptor for neuregulin, which also promotes interneuron migration (Flames and Marin, 2005) . The expression of ErbB4 was maintained in the MGE and LGE, and in deep migrating interneurons in Dlx5/6 Ϫ/Ϫ mutants (Fig. 5GЈ,HЈ) . Furthermore, the expression of two ErbB4 ligands, neuregulin1 (NRG-1) and sensory and motor neuronderived factor (SMDF; a form of neuregulin1) was intact in Dlx5/ 6 Ϫ/Ϫ mutants (supplemental Fig. 5 , available at www.jneurosci. org as supplemental material). Thus, the reduction in CXCR4 expression may contribute to the interneuron migration deficit of Dlx5/6 Ϫ/Ϫ mutants.
Dlx5/6 regulate interneuron specification in cell-autonomous manner
While loss of CXCR4 expression in migrating interneurons may contribute to the reduced numbers of tangentially migrating in- terneurons, we could not rule out the contribution of the exencephalic nature of the Dlx5/6 Ϫ/Ϫ brain. To circumvent this caveat, we transplanted E13.5 Dlx5/6 Ϫ/Ϫ mutant MGE cells into a wild-type P0 cortex. We used the Lhx6-BAC GFP transgene (which has previously been shown to label ϳ75-85% of PV ϩ and 55-70% of SST ϩ interneurons) (Cobos et al., 2006) as a reporter to follow the fate of MGE-derived offspring cells. Furthermore, to determine the individual role of Dlx5 in cortical interneuron development, we performed the transplantation using MGE cells from Dlx5 Ϫ/Ϫ mutants (Long et al., 2003) . We analyzed the grafted cells at 1 and 2 months after transplantation. Of the 86 transplantations, 62 pups contained grafted cells, judged by GFP immunohistochemistry. Grafted interneuron precursors from Dlx5/6 Ϫ/Ϫ and Dlx5 Ϫ/Ϫ mutants were able to migrate, with leading migrating cells 4.0 mm away from the injection site along the rostral-caudal axis, and no differences were detected in the distribution of GFP ϩ neurons between wildtype, Dlx5 Ϫ/Ϫ , and Dlx5/6 Ϫ/Ϫ mutants (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). This shows that the intracortical migration of Lhx6-GFP ϩ interneurons (at least postnatally) may not rely on Dlx5/6 function.
Next, we compared the percentage of neurons that differentiated into PV ϩ , SST ϩ , NPY ϩ , and calretinin ϩ cells from the Dlx5/6 ϩ/ ϩ , Dlx5 Ϫ/Ϫ and Dlx5/6 Ϫ/Ϫ transplants (Fig. 6 A-D) . We only detected a phenotype for PV ϩ interneurons. There was a ϳ2-fold reduction in Dlx5 Ϫ/Ϫ transplants and a ϳ3-fold reduction in the Dlx5/6 Ϫ/Ϫ transplants (Fig. 6 E Finally, to assess whether the Dlx5 Ϫ/Ϫ and Dlx5/6 Ϫ/Ϫ mutations affected the dendritic morphology of PV ϩ grafted cells, we studied confocal images using NIH ImageJ software. Dendritic arborization of the grafted (GFP ϩ ) PV ϩ cells could be assessed in isolated interneurons (Fig. 6 F, FЈ) ; we manually traced the dendritic arbors of 15 cells from each genotype and measured the number of processes, total dendritic length, average dendritic length, and longest dendrite (Fig. 6G) . The Dlx5/6 Ϫ/Ϫ mutant cells showed a statistically significant increase in the number of processes compared with cells from Dlx5/6 ϩ/ ϩ and Dlx5
: 10.00 Ϯ 0.71%; Dlx5 Ϫ/Ϫ : 9.67 Ϯ 0.25%; Dlx5/6 Ϫ/Ϫ : 19.33 Ϯ 0.71%; p Ͻ 0.01) (Fig. 6 H) . Accordingly, PV ϩ cells from Dlx5/6 Ϫ/Ϫ tended to display an increase in total dendritic length (Fig. 6 I) . However, average dendritic length, length of the longest dendrite of PV ϩ cells from Dlx5/6 Ϫ/Ϫ decreased by the ϳ25% and 35% respectively (Fig. 6 J, K ) . Dendritic morphology of Dlx5 Ϫ/Ϫ mutants was only mildly affected.
Dlx5/6 are not essential for short-term in vitro cell survival of MGE cultures
The reduced numbers of cortical interneurons in the embryonic Dlx5/6 Ϫ/Ϫ mutants, and the reduced fraction of PV ϩ interneurons transplanted from the MGE of Dlx5/6 Ϫ/Ϫ could be due to reduced survival of these cells. Dlx1 and Dlx2 are known to promote neuronal survival. For instance, Dlx1
Ϫ/Ϫ mutants have in- creased cell death of subsets of postnatal cortical interneurons, and Dlx1/2 Ϫ/Ϫ mutants have massive prenatal cell death in vivo in the basal ganglia and in vitro in cultures derived from the MGE of Dlx1/ 2 Ϫ/Ϫ mutants (Cobos et al., 2007) . Note that loss of Dlx1&2 expression in the MGE results in loss of Dlx5&6 expression (Anderson et al., 1997a) . Thus, to test whether MGE-derived cells of Dlx5/6 Ϫ/Ϫ mutants have reduced survival, we used the in vitro culture assay described by Cobos et al. (2007) . Unlike the Dlx1/2 Ϫ/Ϫ mutants, which have Ͼ95% cell death after 10 d in vitro, the Dlx5/6 Ϫ/Ϫ mutant MGE cells showed indistinguishable survival compared with Dlx5/6 ϩ/ ϩ cells for up to 40 d in vitro (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Furthermore, cell death analysis at embryonic stages (supplemental Fig. 8 , available at www.jneurosci.org as supplemental material) or of the transplanted cortex showed no evidence of increased apoptosis 15 and 30 d after transplantation by TUNEL staining and anti-active caspase-3 immunohistochemistry (data not shown).
Finally, there could be reduced proliferation in the Dlx5/6 Ϫ/Ϫ MGE leading to reduced interneuron production. While we have not definitively ruled this out, our analysis of M phase cells (PH3 ϩ ) (supplemental Fig. 9 , available at www.jneurosci. org as supplemental material) and growth in MGE cultures did not detect an obvious phenotype.
Cellular characterization of neocortical interneurons from Dlx5 BAC transgenic mouse line
The transplantation results show that Dlx5 and Dlx5/6 are required for the development of a substantial fraction of PV ϩ neocortical interneurons (Fig. 6 ). The expression of Dlx5 and Dlx6 in maturing and adult cortical interneurons has previously not been examined, thus we sought to explore whether their expression present in PV ϩ interneuron. Unfortunately, we do not have antibodies that specifically detect their DLX5 or DLX6 proteins, and therefore we used other methods to detect their expression. We assessed Dlx6 expression in the postnatal brain by in situ hybridization and by using LacZ expression from the Dlx6 locus. Neither assay showed robust expression (data not shown), although the Allen Brain Atlas does detect its expression in low numbers of scattered neocortical cells, consistent with its expression in a small subset of interneurons. Thus, in addition to its expression in the subventricular zone of the MGE and CGE (where it can regulate the early development of cortical interneurons), Dlx6 may also express in adult cortical interneurons.
To assess Dlx5 expression, we used the Dlx5-GFP BAC transgenic mouse line, in which EGFP reporter gene is inserted immediately upstream of the coding sequence of the Dlx5 gene. We began by analyzing GFP expression in tangentially migrating cortical interneurons at E15.5. Double-labeling immunohistochemistry was performed with anti-DLX2 (Kuwajima et al., 2006) and anti-GFP antibodies. We found that not all immature interneurons coexpress DLX2 and DLX5 in the marginal zone (MZ), cortical plate (CP) and intermediate zone/subventricular zone (IZ/ SVZ) of the developing cortex. Roughly one-third of cells were Dlx5-GFP Ϫ (supplemental Fig. 9 , available at www.jneurosci.org as supplemental material) (30.18 Ϯ 2.65%, 30.73 Ϯ 2.96% and 41.86 Ϯ 1.96% in MZ, CP, and IZ/SVZ, respectively). Furthermore, there was a small subpopulation of Dlx5-GFP ϩ cells that were DLX2
Ϫ (supplemental Fig. 10 , available at www.jneurosci. org as supplemental material) (10.21 Ϯ 0.71% in MZ, 10.02 Ϯ 0.67% in CP, 2.25 Ϯ 0.16% in IZ/SVZ, respectively).
Next we examined Dlx5-GFP expression in the adult (P60) somatosensory cortex. We assessed its expression among different interneuron populations in layers II-IV and layers V-VI. In layers II-IV, we found that Dlx5-GFP was rather evenly distributed among PV ϩ , SST ϩ , NPY ϩ , and CR ϩ interneurons (23.97 Ϯ 2.60% in PV ϩ , 17.49 Ϯ 4.95% in SST ϩ , 18.11 Ϯ 2.46% in NPY ϩ , 30.13 Ϯ 2.4% in CR ϩ interneurons) (Fig. 7F ) . On the other hand in layers V-VI, Dlx5-GFP was predominantly expressed in PV (Fig. 7G) .
We also performed fate mapping experiments on Dlx5/6-lineage neocortical interneurons by crossing Dlx5/6i-cre mice (Kohwi et al., 2007) Fig. 11 , available at www. jneurosci.org as supplemental material). Thus, unlike Dlx1, which appears to be excluded from PV ϩ interneurons, Dlx5 is expressed in this interneuron subtype, and based on our transplantation data, is required for their development.
Spontaneous electrographic seizures and reduced maximum gamma power in Dlx5/6 ؉/؊ heterozygotes in the absence of gross histological abnormalities Adult Dlx1 Ϫ/Ϫ mice exhibit generalized electrographic seizures (Cobos et al. 2005) , suggesting that Dlx5/6 mutants may also have epilepsy. To circumvent the embryonic lethality of Dlx5/6 Ϫ/Ϫ mice and determine whether reduced Dlx5/6 dosage has a functional consequence, we performed video-EEG monitoring and histological studies in adult (4 -6 months of age) Dlx5/6 ϩ/ Ϫ (heterozygous) mice. We quantified the total number of cells expressing PV, SST, CR and NPY within a 380,000 m 2 region of somatosensory cortex; no significant differences were observed ( Fig. 8 A-I ). Next, we performed video-EEG monitoring on Dlx5/6 ϩ/ Ϫ (n ϭ 5) and age-matched littermate control mice (n ϭ 5) Ͼ4 months of age during awake, freely moving behavior (Fig. 8 J) . Seventeen distinct electrographic seizure events (32.5 Ϯ 6.4 s duration) were confirmed in EEG recordings from four of the five Dlx5/6 ϩ/ Ϫ mice. Representative events from Dlx5/6 ϩ/ ϩ and Dlx5/ 6 ϩ/ Ϫ mice are shown in Figure 8 J. Electrographic events from Dlx5/6 ϩ/ Ϫ mice began with a brief period of highfrequency activity evolving into sharp high voltage spikes and polyspike bursting (Fig.  8Jb ). Behaviors associated with these events were subtle and sometimes comprised a brief period of arrest with a slight head jerk. Electrographic seizure or behavior was never observed in control animals (Fig.  8Ja) . Thus, reduced Dlx5/6 dosage appears to result in abnormal cortical function (i.e., seizures) despite the absence of gross anatomical abnormalities.
We hypothesized that the cortical hyperexcitability of Dlx5/6 ϩ/ Ϫ mice might be due to the functional deficits of PV ϩ interneuron. We based this idea on our evidence that Dlx5/6 regulate prenatal development of the Lhx6 ϩ neurons (Fig. 4) , and regulate the number and dendritic morphology of PV ϩ cortical interneurons (Fig. 6) . Because PV ϩ interneurons are thought to regulate gamma oscillations (Fuchs et al., 2007; Cardin et al., 2009; Sohal et al., 2009) , we investigated the power in the different frequency bands in the EEG recording during periods of awake, freely moving mice. First we used wavelet analysis to measure the power in frequency bands between 4 and 200 Hz in EEG recorded from both Dlx5/6 ϩ/ ϩ and Dlx5/6 ϩ/ Ϫ mice (n ϭ 4 mice per group). We analyzed five, 60-s-long recordings from two sites in each animal. We found that Dlx5/6 ϩ/ Ϫ mice exhibited a selective 45 Ϯ 18% increase in the total power between 152 and 200 Hz ( p Ͻ 0.05 by one-way ANOVA; n ϭ 40 recordings in each group).
Next we investigated whether gamma oscillations were affected in Dlx5/6 ϩ/ Ϫ mice. However, because the presence of LGE/dCGE (dorsal CGE) are proposed to generate CR/VIP ϩ and a subset of NPY ϩ (late born) interneurons, which express Dlx1 and require it for their survival. The dorsal MGE generates SST ϩ (including SST/CR ϩ and SST/NPY ϩ ) interneurons that express Dlx1 and Lhx6, and require them for their survival and differentiation, respectively. The ventral MGE produces PV ϩ interneurons that express Dlx5 and Lhx6, and require Dlx5, Dlx6, and Lhx6 for their differentiation. Scale bar: (in E) A-E, 100 m. gamma oscillations is highly dependent on specific behaviors, we reasoned that gamma oscillations might not be present in all of the recordings. Therefore, for each set of recordings (five 60 s recordings from each site in each mouse), we selected the 60 s recording with maximum power in the gammarange (30 -80 Hz). We found that maximum gamma power was reduced by 33 Ϯ 11% in Dlx5/6 ϩ/ Ϫ mice ( p Ͻ 0.05 by one-way ANOVA; n ϭ 8 recordings in each group). The reduced maximum gamma power in Dlx5/6 ϩ/ Ϫ mice, and the defects in transplanted Dlx5/6 Ϫ/Ϫ PV ϩ interneurons, provide evidence that Dlx5/6 regulate both the development and function of PV ϩ interneurons.
Discussion
We provide evidence that Dlx5&6 promote the prenatal tangential migration of cortical interneurons, in part through CXCR4 expression, and that postnatally Dlx5&6 are preferentially required for the development and dendritic morphology of PV ϩ interneurons. While the cortex of Dlx5/6 ϩ/ Ϫ heterozygous mice appears anatomically normal, they have epilepsy and reduced power in their gamma oscillations, suggesting a defect in the function of their PV ϩ interneurons.
Normal patterning and differentiation in the embryonic basal ganglia of the exencephalic Dlx5/6 ؊/؊ mutants Despite the fact that the embryos are excencephalic (Robledo et al., 2002) , we found that regionalization of the telencephalon was remarkably intact, based on the appropriate regional expression of pallial (e.g., Tbr1), striatal (e.g., Ikaros, RXR␥) and pallidal (e.g., ErbB4, Lhx6 ) markers, and the generation of subpallium-derived cortical interneurons (Figs. 1-5; supplemental Figs. 1, 2, available at www.jneurosci.org as supplemental material). However, because these mutants degenerate after ϳE16.5, and because of their exencephalic state, we cannot conclude that subpallial differentiation is entirely intact. It is probable that persistent expression of Dlx1&2 (Figs. 1-3) can partially compensate for lack of Dlx5&6.
Reduced numbers of tangentially migrating Lhx6
؉ and MafB ؉ cortical interneurons The cortex of Dlx5/6 Ϫ/Ϫ mutants has reduced numbers of cells expressing markers of tangentially migrating immature interneurons (Figs. 2-4) . At E16.5, there is a disproportionate reduction in the expression of Lhx6 and MafB in the MZ, compared with Dlx1, suggesting that Dlx5&6 are preferentially required for the development of some Lhx6 ϩ /MafB ϩ cortical interneurons. There are at least two types of tangentially migrating interneurons: Dlx ϩ and Dlx ϩ ;Lhx6 ϩ (Zhao et al., 2008) . Lhx6 function is required for MafB expression and for the production of PV ϩ and SST ϩ interneurons (Liodis et al., 2007; Zhao et al., 2008) . Thus, the preferential reduction of Lhx6 and MafB suggests that Dlx5&6 have key roles in the development of PV ϩ and SST ϩ interneurons. Indeed, transplantation of Dlx5 Ϫ/Ϫ and Dlx5/6 Ϫ/Ϫ mutant MGE cells results in fewer PV ϩ neocortical interneurons (Fig. 6 ). The observation that SST ϩ interneurons are not reduced supports a hypothesis that Dlx5 and Dlx5&6 are more important in promoting the PV subtype; perhaps the subset of Lhx6 ϩ interneurons that do migrate into the mutant embryonic cortex will become SST ϩ . We have not elucidated the mechanism(s) whereby Dlx5 and Dlx5&6 control PV interneuron development. There is clearly a defect in the efficiency of tangential migration and an apparent ϩ/ ϩ or Dlx5/6 ϩ/ Ϫ mice. For each frequency band, total power was normalized by the mean total power in Dlx5/6 ϩ/ ϩ mice. Each bar represents an average over four mice from each group, five 60 s epochs from each mouse, and two EEG recording sites (n ϭ 40 per group). M, Maximum power within each frequency band for Dlx5/6 ϩ/ ϩ or Dlx5/6 ϩ/ Ϫ mice. For each mouse, we selected the 60-s epoch with the most power in each frequency band. Each bar represents an average over four mice from each group, and two EEG recording sites in each mouse (n ϭ 8 per group). *p Ͻ 0.05 by one-way ANOVA.
